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ABSTRACT Conlpany(BDWESC) for the instal1ation of a Devonian
Shale Reservoir Testing Facility and Acquisition

Natural/inducedfractureorientationand permea- of Reservoir Property Heasurenmnts from wal1s in
bility anisotropy(KY:KY) are two criticalparameters the Michigan, Illinois, and Appalachian Gasins.
required for understandng highly fracturedaniso- Geologic and engineering data CO1lected through
tropic reservoirssuch as the case in the Devonian this project, when coupled with data collected
shales. by the past Eastern Gas Shale Project (EGSP),will

A detailed geologic/engineeringtest was per-
provide a better understandingof the mechanisms
and conditionscontrollingshalegas production.

formed on the Chattanooga shale in eastern and
southeasternKentucky. Early results of tiltmeter The intent of this paper is to focus on a
responseswere correlatedwith pre- and post-stimu- series of tests designed to gain a better under-
lation interferenceand pulse test results. Tilt- standing of the reservoir characteristicsof the
meter responseswere correctedfor uplifts induced Chattanooga shale in eastern and southeastern
by pressure transient during the frac treatment, Kentucky. The wells ut!lizedfor these tests were
In addition,correctionswere applied to pulsetest drilled in Whitley County, Kentucky. The site,
resultsfor skin and wellborestorage. designatedas the Offset Well.Test Facility (OUTF;

Figure la), was selectedbecause it was in an area
Early studies of the pre- and post-stimulation that had not been highly-researchedduring the

interference tests indicated major permeability earlier EGSP investigationsand because it was also
trends of N18”E and N32”W, respectively.In an area of immediateinterestto oil and gas o era-
addition,a post-stimulationpermeabilityanisotropy tors. Significantgas “shows” and initial ROpen
of 20:1was calculated. Resultsof initialtiltmeter flows” measured in the area indicated that tha
pressure response analyses indicated an induced Chattanoogashale had potential there, but little
fractureorientationof N30”E and a possiblesecond was known about the reservoir. A cooperativewell
orientationof N30°W. drilledwith Alpha Gas Developmenthad a pre-stimu-

lation open flow of 20 mcfpd (566 m3/day) and a
INTRODUCTION. post-stimulationopen flow of approximately 280

mcfpd (7927 ins/day). Three wells ware drilled
The Devonian shale in the Appalachian Basin in close proximityto this originalproducingwall

has been the subject of a number of studies in to establish the Offset Well Test Facility (Figure
the past decade. The objective of those studies lb). Tests conducted at the site includad pre-
was to characterize the shale and evaluate its and post-stimulation conventional drawdown and
production potential. Information derived from build-up tests, interferencetests, pulse tests,
these studies have been evaluatedand extrapolated and tiltmeter studies of the stimulation test,
across the basin to locate areas which may have Data from these tests were combinedwith pre-stimu-
a high potentialto producegas. lation tests such as rock mechanics tests, core

In October 1984, the U.S. Departmentof Energy/
analyses, and geological studias to provide an
improvedunderstandingof the parametersinfluencing

Morgantown EnergyTechnology Center (DOE/METC) gas productionfrom the Chattanoogashale in the
awarded a contract to BDN Engineering Services vicinityof the OWTF site. In addition,the objective

References%iid711ustrationsat end of paper
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of this study was to acquire informationthat would Cambrian rocks on the east to higher incompetent
help in defining the natural fracture system, the Devonianrockson the west.
induced fracture orientation,and general induced
fracturegeometry. FieldTests/DataCollection

The pre-stimulationpulse tests and the tilt- Data from core analysis verified that the
meter studies were tbe subject of two SPE papers, shale rock matrix was very low in porosity and
#17764and #18555,respectively.The intentof this permeability; porosity averaging just over one
paper is to emphasizethe resultsof pre- and post- percent and permeability measured at less than
stimulationinterferenceand pulse tests, correla- 10-8dar~ieso
tion of these results with post-stimulationtilt-
meter studies, and the natural/inducedfracture Rock mechanicsdata from core materialobtained
orientation. from the Chattanooga at the test site indicate

a moderate primary trend of N30”E for induced
BACKGROUND fractures based on point-loaa induced fractures,

directionaltensile stre~$h ~xima, and ultrasonic
Q2QlW velocity maxima values. secondary trend of

N30°W is indicated by pre-test fractures and
Zielenskiand McIver (1982)studiedthe distri- directionaltensilestrengthvalues.

bution and interrelationshipof Devonian shale
organic geochemicaldata and determinedwhich :.ara- In-situ stress tests were conducted at the
meters had explorationsignificanceand could be site using nitrogenand straddle pac::erassemblies
used to assess gas in-place. Their evaluations on tubing. In-situ stress gradients of 0.53 to
did not cover the area of tihitleyCounty because 0.77 psi/foot-(1.2 to 1.8 KPa/m), indicatingthat
little or no data were available at that time. induced fractures should be vertical or have a
The area to the insnediateeast of Whitley County, strongverticalcomponentat the site.
however, was shown to have a high potential for
gas production. Organic carbon content fw that Hell tests, including drawdown, build-up and
area in the Huron shales ranged from 1 to 4 ‘percent pulse tests indicateda low permeability,fractured
and the Thermal Alteration Index was about 2. reservoir in the Chattanooga shale at the site.
The organic constituentthat predominates in the Reservoir permeability,almost entirely from the
Huron shales in :nat area was tasmanites. Based natural fracturesystem, averaged0.2 millidarcies.
on the amount and type of organic material and Pulse test estimates of fracture porosity ranged
the Thermal Alteration Index, Zielenskiand McIver from O.03 to 0.15 percent(4). Furthensore,tilt!aeter
(1982) concluded that the Lower Huron rocks in responses Wn measu~d prior to ahd dfter
the vicinityof that area where Kentucky,Tennessee stimulatingOtdTF#3. These responseswere,a%nost
and Virginiameet had an excellentgas potential. all very clear, with the magnitude of the tilt

caused by the induced fracture being readily
The horizon’known as the Chattanooga shale discernible. The pre-corrected tiltmeter data

is the result of the coalescingof Huron and other (correctionsfor upliftsdue to pressuretransient)
shale units which can be identified individually indicated a vertical fracture trending N30”E and
to the east of the site. The thickness of the a N-S trend (SPE#18555).
Devonianshales in southeasternKentuckyalso shows
a distinct thinningtrend from northeastto south- In addition, :d;;:;e video camera surveys
west. In Pike County,near the West Virginiaborder, revealed several fr~ctures within the
it is over 1700 feet (518 m) thick. In McCreary Chattanoogashale, however,even though the camera
County, just west of Whitley County, the shales was equipped with a magnetic compass, fracture
are less than 40 feet (12.2 m) thick, Regional orientation was difficult because only one point
isopachmaps of the area show an es
thinni?~ trend, although Fulton?f!tia~~&#flif~U

of entrywas typicallyobserved.

Potter ) (1978)show closed isopachson what appear OFFSETUELL TESTINGAND ANALYSIS
to be isolatedthickareaswithinthe shale. Several
of those thick zones occur in the Big Sandy gas SingleWell Testinq
field locatedin Knottand Fletchercounties,

Conventionalsingle well tests were conducted
The structure in the vicinity of the site and analyzed, The two primary properties or

does not appear to be very complex on structural characteristicsnormally derived from single well
maps of the area, It.should be noted, however, testsare reservoirpermeabilityand wellboredame e,
that there has not been a detailed structural !or “Skin”, assuming that certain other propertes
assessment completed for this region. The can be readily estimated (pcrosity, effeCtiVe
possibilityexists that the Pine Mountain Thrust thickness,compressibility,etc.),
Fault, located approximately15.miles (24.14 Km)
southeast of the site, may have influencedlocal Pressure build-up data on the four wells
geology. Pine Mountain is a decollementzone that
developed as a subhorizontalshear that extended

producingfrom the Chattanoogashale were analyzed
to determine the various reservoir properties,

for great distances only in competent zones and As a result of applying Horner’s techniqueto the
shifted st?~tigraphiclevels upward across short pressure build-up data of RC1 (Figure 2), a
diagonal ramps. Appalachian master decollements permeabilityand skin of 0.237 md and +34 were
such as Pine Mountaingenerallyconsistof a series calculated respectively. In addition, reservoir
of extensive subhorizontal faults where strati- simulationwas implementedto simulatethe build-up
graphics position changes from lower incompetent history for Rcl (Figure 3). SUGAR-MO, a finite-
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ifference, dual porosity computer model incorpor- was calculated to be N30.6”W compared to N18°E,
sting gas desorption,was used to verify the gas a difference of almost 50 degrees. .Themaximum
reservoir parameters. The model predicteda bulk permeabilityfor this test was calculated to be
reservoirpermeabilityof 0.140md and a skin factor, 1,595 md compared to 0.99 md from tho previous
S, of +16.5, indicatinga damagedwellbore. test, approximately1.6 times higher. The minfmum

permeabilitywas calculated to be 0.083 md, or
Similar pressure build-up analysis techniques approximately“11 times greater than the 0.00755

were performed on shutin time pressure data for md calculatedfrom the pre-stimulationinterference
OWTF 1, OWTF 2, and OWTF 3. In additionto Horner’s test. The ratfo of maxfmum t~ r,fnfmumpermeat,iity
techniqueand reservoirsimulation th RHM (Rectan-

Y
decreasedfrom approximately1.30to 20. The results

gular HyperbolicMethod)technique~5~6was utilized. of this test are summarized in Tables 5 and 6,
to estimatethe variousreservoirparameters. Tables A Canparist,ii of values bet}!een the two tests is

1 and 2 list the fnputparametersand summarizesthe shown in Table7.
results of the single well test analysis for the
offset
techniques~$\!s ‘sing ‘he ‘arious analysis

Pu;seTest

In April 1988, the first pulse test (Pulse
Worthy of note regarding the permeabilities Test No. 1) from the Chandler No. 1 well was

measured at the individualwell sites is the much conducted and consisted of two flow periods of
larger permeability (0.24 md versus 0.06 md) approximately10 hours each, separated by shut-in
calculated for the Raymond Chandler No. 1 well, periods of approximately4-1/2 hours. Flow rate
even though it is only about 125 feet (38.1 m) for the pulseswas a constant31 mscfd (878m3/day).
from Offset Well No. 1, and no more than 325 feet Pressures were monitored at each of the offsets.
(99 m) from any of the offsets. This leads one to A detailed discussion/analysisof Pulse Test No.
speculateon the effectsof high degreesof lateral 1; test design, field equipment and operation,
heterogeneityand anisotropy, It Is possible that results and analysis,was the subjectof SPE Paper
the ChandlerNo. 1 well may have been drilled very #17764. Table 8 suasnarizesthe results of Pulse
close to an intensely-fracturedzone resultingIn Test No. 1.
a relativelyhigh calculatedvalue of permeability.
The high value for skin would indicate fracture Prats and scott(8) dfscussed the effect of
pluggingO? the absenceof fracturesnear the well-
bore.

wellbore storage on the responses of pulse tests
aad suggested that the relationshipsthat they
had developedcould probablybe extendedto sequences

InterferenceTests of pulses and to cases where pulse duration could
not be neglected. They also suggestedthat wellbora

A pre-stimulationinterferencetest was also skin effects could probably be taken Into account
conductedduring which pressureswere monitoredat by substitutingthe effectivefor the actualwellbore
the site wells while one of the wells was produced radjusIntotheirdimensionlessdistanceand wellbore
aQd/or shut-in.for a period of several days. In storage, but warned against trying to apply the
December, 1987,,Offset Well No. 1 was flowed at techntque to situations involving non-radial flow
a constant rate of 8.5 mscfd while pressureswere in’therespondingwell.
monitoredat Offset Wells No, 1, 2. and 3 and at
the Chandler No. 1. After approximately three Because the extent of non-radial flow was
weeks, Offset Well No. 1 was shut-inand pressures unknown, the Prats and Scott techniquewas applied
were monitored at all wells during the ‘build-up. to the pulse test data in an attempt to Improve
Figure4 shows the pressure responses observed the qualityof the results.
duringthesetests.

Figures1 and 2 (Pratsand Scott)were utilized
An interferencetest analysis was performed to determine the time to reach maximum pressure

on the collecteddata. Table 3 shows the type-curve responses without any wellbore storage effects.
matching parametersderived for each of the wells In addftion, the maximum pressure responses were
in the test. Table 4 exhibits the values for corrected for wellbore storage effects. Table
permeabilityand for the porosity x viscosity x 9 summarizesthe pulsetest resultsaftercorrecting
compressibilityproduct. Based on these values for wellborestorageeffects,
and using the calculation procedure documented
In SectIons9.2 and 9.4 of SPE Nonograph5, Advances In the case of OWTF #3, which was stimulated,
In Well Test Analysis,minimum,maximum,and average an attempt was made to correct for sk~n effects,
permeabllities were calculated to be 0.00755 md~ An effective wellbore radius was calculated and
0.990 md, ~.fid0.0865 md, respectively, M@zum substituted for the actual wellbore radius. The
permeabilitydirectionwas calculatedto be N18°E, same proceduresused to correctfor wellborestorage
approximatelyfn allgnmentwith the one extension effects were followed In an attempt”to determine
fracture observed in the Chandler No. 1 core and a, corrected value for permeabilityand reservoir
with the corfng-fnducedPetal-centerlinefractures storage capacity (dkCt) due to skin, Results
“in the same core (see Figure5). Indfcated a new permeabilityof 0.397 md and

storage capacity value of 1,755 x 10-8 cp-psla-!
A second Interferencetest was conductedusing compared to a permeabilityof 0,393 md and a

Offset Well No. 3 as the actual well following reservoirstoragecapacityof 1.67 x 1o-8 cp-psia-l,
that well’s stimulationby foam fracturing. The Therefore, at low skin improvementsthe effects
results of this test reveal some interesting on permeability and reservoir storage capacity
observations. Not only did the calculatedaverage are minimal.
permeabilityincreasefrom O.0865to 0.364,nd(factor
of but the orientationof maximumpermeability
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TiltmeterCorrectionsand Analysis DISCUSSIONAND CONCLUSIONS

Offset Well No. 3 was stimulatedto providea The Chattanoogashale at the Whitley County,.
com arisen of limited-er.trysingle-stagefracturingR Kentucky, offset well test facility site was
wit the 2-stage trealmen.t_used._..3ostimulate the determined to be highly-fracturedand faulted.
Chandler No. “1well and to provide an opportunity Even :0, permeabilitywas very low (less than 0.06
to obtain information concerning the probable md average)and stimulatiw by hydraulicfracturing
orientation of induced fractures in the area. is necessary for commercial production. Porosity
This test and the utilizationof tiltmeters for is low for the Chattanooga,between one and two
estimating fracture geometry were described in
SPE PaperNo. 18555.

percent, and gas” content by adsorption is also
relativelylow becauseof the low reservoirpressure
(approximatey 300 psi).

‘ Prior to the stimulationof Offset Well No.
3, tiltmeters had been installed at the site to I!?dividualwell test results, as exhibitedin
monitorearth surfacetilts and to estimatefracture Table 2, indicate low pre-frac permeabilityvalues
geometry. The tilt vectors that resulted from with a r,inorimprovementin skin at OWTF 2 and
the stimulationare shown in Figure 6. The tilts OWTF 3.
were analyzed by Hunter Geophysics,Inc., who had
provided the field instrumentationand operation, A comparisonof the resultsof the interference
first using a “single-fracturesource model and test using OWTF 3 as the active well and RC1 as
later using,a dual-fracturemodel. The single- the observation well versus the corrected pulse
fraci.uresolutionhad a minimum “mean squareerror” test results where RC1 was the pulsed well and
for single fracture trending N30”E and dipping OWTF 3 was the observationwell, indicatedsimilar
70 degreesto the northwest. permeability values of 0.39 md. These two

independenttests confirm the predicted.reservoir
The magnitudeof the residualerror associated properties. Furthermore,the significanceof the

‘“’;h the single fracture solutlon was observed wellbore storage effects on the results of the
to be relativelylarge, indicatinga more complex
induced fracture system was probably created.

pulse test indicateda change in permeabilityvalues
at the observed wells as exhibited in Tables 8

The analysiswas extendedto a dual-fractu~hesys& and 9.
which reduced the error significantly.
solution for the dual-fracture mo~-1 described general, fracture diagnostics
one of the fracturesas trendingN35 ~nd vertical incon~!usive,but the probable orientation o~r~
while the other fracture was near,. horizontal hydraulicfracture inducedin the Chattanoogashale
trending due northfsouthand dipping just 10” to at the OWTF site is N30-35”E, Rock mechanicstests
the west. In both cases when the single and dual revealed several possible orientationsfor induced
fracture models were used in the analysis, the fractures, but favored the northeasterly trend.
tiltmetersat sites 5, 6, 7, and 11 were strong Tiltmeter analysis indicated N35”E, but could not
contributorsto the error and were eliminatedfrom
the analysis.

resolve tilts that occurred at tiltmater sites
Pressure responses were observed along a northwesterlypermeabilitytrend. Initial

in all monitoringwells as seer in Figure 7, Wel1 well interferencetests indicated a northeasterly
OW-1 responded first wi;h a gradual but definite
increase in pressure that was still increasing

permeabilitytrend, but tests conductedafter the
stimulation

17 hours into the test and well after flowback
of Offset Well No, 3 showed a

northwesterlytrend. Permeabilityanisotropyfrom
was begun at the stimulated well. Well OW-2 the later interferencetest was calculatedto be
respondedlaterthan OW-1 but with a higheramplitude
than either OW-1 or RC-1.

approximately20:1.
The pressure response

at RC-1, the most remote well, was similar to that In conclusion,the results of this extensive
of OW-1 in shape, but lower and having an earlier study indicated that natural fractureswithin the
maximum. shales contain nearly all of the permeabilityof

the reservoir but contain only a small part of
Palmer(g)suggestedthat the pressuretransient the natural Clearly,

which spreads through the formation during and
resource. future

exploration andga%evelopment should be directed
after a hydraulicfracturetreatmentwill pressurize toward the technologiesto detect and/or predict
the formation and induce a certain “swelling”. the occurrence of naturallyfracturedzones and
Using poroelastic theory, this swelling and the to improvethe ability to connect with these zones
accompanying uplift at the earth’s surface can through such techniques as improved hydraulic
be estimated. A correctiontechnique,as suggested
by Palmer, was implementedand the uplift due to

fracturingand/(~rdirectionaldrilling.

pressure transient from the hydraulic fracture
traatment was accounted for. A computer Fortran
code was generated ,for calculating the uplifts,
and hence correcting the observed tilt values
measured earlier by Hunter Geophysics. Fi ure 8

7exhibits the correctedtilt vectors using Pa mer’s
correctiontechnique.
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Permeability,md

PhillipSalamy,I

ity,psi-l
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Flow rate,mcfpd

Formationtemperature,“F

Dimensionlesstime parmeter from type
curve at the match point for type-curve
analysis.

Time lag used in pulse testing,hrs.

Time value from transient test data
at the match point for type-curve
analysis,hrs.

Flow time,hrs.

Actualwellboreradius,ft.

Skin factor

Viscosity,cp

Porosity,fraction

Reservoirstoragecapacity,cp-psi-l
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TABLE 1

LIST OF INPUTPARAMETERSUSED IN THE PRESSUREBUILO-UP
ANALYSISOF THE INDIVIDUALWELL TESTSAT THE OWTF

PARAMETER ~J?F 1 OWTF 2—— OWTF 3

Flow Rate,q (mcfpd) 9 5.8 9.8

Flow Time, tp (hrs) 503 244 165.5
Total Shut-InTime (hrs) 97 88 142
Thickness,h (ft) 105 104 , 108

Temperature,T (“F) 78 78 78
Viscosity,M (cp) 0.0102 0.0102 0.0102
Compressibility,Ct (psia-l) 0.0042 0,0042 0,0042
WellboreRadius,rw (ft) 0,2604 0.2604 0,2604
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TABLE 2

RESULTSOF INDIVIDUALUELL TESTSAT THE OFFSETHELL TEST FACILITY
WHITLEYCOUNTY,KENTUCKY

Horner 0.072 +3,32 0.044 -1.42 .056 -1.84

Simulation .06 N/A 0.042 -1.0 .075 -2.8

RHM 0.06 +2.79 0*0111* +0.7 0.06 -3.0

*The permeabilityvaluecalculationusingthe R!iMtechnfquefs sensitive
to the number of pofnts falling within the semi-log region. Since
we only have 6 data points withfn this region, the permeabilityis
not accuratelypresented.

TABLE 3

TYPE-CURVEM4TCHINGPARAMETERSFOR INTERFERENCETEST NO. 1
USINGOFFSETWELL NO. 1 AS THE ACTIVEWELL

~. OBSERVATIONWELL NO.

144TCHVALUE; CHANDLER#l OWTF #2 OWTF #3

(AP’)~(psia’) 10,000 10,000 10,000

(PO)M 3.8 1.3 3.53

tM(hr) 100 100 100

(tD/rD2)M 106 7*O 3.1

TABLE4

RESULTSOF INTERFERENCETEST NO. 1
USING OFFSETWELL NO. I AS THE ACTIVEWELL

WELL NUMBER

PARAMETER CHANDLER#1 OWTF #2 OWTF #3

*ois-( ft) 124.2 196.5 211,0

Permeabilfty, K(md) 0.219 0.087 0,228

dpCt (dp - psfa-l) 2,34 x 10-7 8.49 X 10-9 4.36 X 10-B

Thickness,h (ft) 121.0 104.0 108.0

* Dfstancefrom OWTF #l.

The abovevalueswere calculatedat: q = 8,5 mcfd

y= o.olo2cp

T R 538”R

Z= 0,9588
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TABLE 5

TYPE-CURVE144TCHINGPARAMETERSFOR INTERFERENCETEST NO. 2
USING HYDRAULICALLY-FRACTUREDOFFSETWELL #3AS THE ACTIVEWELL

OBSERVATIONHELL NO.

MATCH VALUES CHANDLER#1 OWTF #2 OWTF #3

(~p2)M(psia2) 100,000 100,000 100,000

(pD)M 5.8 4.4 5.2

tM(hr) 1,000 1,000 1,000

(tD/rD2)M 74 24.5 55

TABLE 6

RESULTSOF INTERFERENCETEST NO. 2
USING HYDRAULICALLY-FRACTUREDOFFSETHELL NO. 3AS THE ACTIVEliELL

PARAMETERS CHANDLER#1 OWTF #l OWTF +2

●Distance,r(ft) 315.s 211 111

Permeability,K(md) 0.394 0.344 0.410

duct (cp-psia-l) 1.41 x 10-8 8.32x 10-8 15.9 x 10-8

Thickness,h(ft) 121 105 104

● DistancefromOUTF #3.

The above valueswere calculatedat: q = 100mcfd

~ = o.olo2cp

T = 538*R
Z = 0.9588

TA8LE 7

COMPARISONOF RESULTSOF INTERFERENCETESTSNO. 1 AND 2
AT THE OFFSETWELL TEST FACILITY,WHITLEYCOUNTY,KENTUCKY

TEST NO,I
(OFFSETWELL #1 ACTIVE~

Maximum Permeability(red) 0,9895

MinimumPermeability(red) 0.0075
AveragePermeability(red) 0.0865

duCt (cp-psia-l) 5*43 x 10-8

Directio?lof Max, Penn, N18”E

%tio Max/Min#erm. 131

TEST NO.2
(OFFSETWELL #3 ACTIVE)

1.595

0.083

0.364

7.79 x 10-8

N31.6”W

19.2



TABLE 8

OBSERVED PULSE TEST RESULTS
PULSE TEST NO. 1 - RC i PULSED WELL

RESPONDING WELL OWTF 1 OWTF 2 OWTF 3

Time Lag, tL (hrs) 2.78 3.08 2,23

APseudo Pressure, psi2/cp 15,870 33,300 27,800

Permeability, M 0,81 0.32 0,66

Distance from Pulsed Wel 1 (ft ) 124.2 262,4 315.1

TABLE 9

CORRECTED PULSE TEST RESULTS
DUE TO WELLBORE STORAGE EFFECTS

PULSE TESTNO. 1 - RC 1 PULSED WELL

RESPONDING WELL OWTF 1 OWTF 2 OWTF 3

Time Lag, tL (h%) 1.21 2,8 1.89

APseudo Pressure, psi2/cp 24,797 33,636 30,889

Permeability, md 0.92 0,21 0.393.

Reservoir torage Capacity
?

16,93 X 108 1.88 X 10-8 1.67 X 108

(cp-psi-
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